We report an optoelectronic mixer based on chemical vapour-deposited graphene. Our device consists in a coplanar waveguide that integrates a graphene channel, passivated with an atomic layer-deposited Al2O3 film. With this new structure, 30
Introduction
In high-speed communication systems, information transmission is carried on high-frequency (tens of GHz) signals. Once the information is received, a direct treatment at the carrier frequency is inconvenient, because it requires high-frequency electronic components. For this reason, a downconversion of the received signal is performed. Standard (low-frequency) electronics can then be used to treat the information. The downconversion function is commonly performed using mixers which demodulate high frequency carriers to base-band, by multiplying the carrier signal with a Local Oscillator (LO) signal. In many systems, one of the two signals is an optical one. In large Radio Detection And Ranging (RADAR) systems, for instance, the LO signal can be advantageously distributed to each antenna using an optical carrier. In this case, the LO signal has to be photodetected to be converted in the electrical domain. Then, the mixing is performed trough conventional electronic mixers. A more compact alternative is based on Optoelectronic Mixers (OEMs), which incorporate in the same device the photodetection and mixing function. More precisely, OEMs are devices that mix an electrical signal at frequency fele and an intensity-modulated optical signal at frequency fopt. Two electrical signals are generated at frequencies fup = fopt + fele (up-conversion) and at fdown = |fopt − fele| (down-conversion). Performing simultaneously detection and mixing within the same device (self-mixing) reduces the number of components and potentially adds less noise in an optoelectronic system. All this features are particularly attractive for RADAR and Light Detection And Ranging (LIDAR) systems. [1] [2] [3] [4] .
Moreover, graphene exhibits very high carrier mobility and photocarrier short lifetime. Thanks to these remarkable properties, graphene is highly attractive in the domain of high frequency optoelectronics. Graphene-based photodetectors exhibit an intrinsic bandwidth that may exceed 500 GHz, 9 and CMOS-compatible graphene photodetectors have been demonstrated. 10 The combination of these characteristics, in junction with the strong efforts done for the realization of cost-effective production techniques for large-scale graphene, 11, 12 makes this material a very good candidate for high-frequency low-cost OEMs.
Mao et al. 13 have fabricated the first graphene OEM based on a field effect transistor. For the same channel bias, the frequency response of the device is presented in figure 3d . Here, the photoresponsivity (namely, the photocurrent amplitude Iph,m normalized over the modulated component of the optical power Pm) is plotted as a function of fopt up to 30 GHz.
Fabrication and experimental setup
Figure 3b and 3c demonstrate that the photocurrent is a linear function of both the channel bias and the optical power. The photocurrent expression of a photodetector operating in such a linear regime can be written as:
Where Popt is the optical incident power, Vbias is the channel bias and α is a proportionality constant [1/V 2 ], which sizes the sensitivity of the device. In the experimental configuration described above, Vbias = VDC and Popt = Pcw + Pmsin(2πfoptt), where Pcw and Pm are the amplitudes of, respectively, the constant and modulated components of the intensity-modulated laser beam, and fopt is the modulation frequency. We can thus rewrite equation 1 as:
Where Iph,cw is the photocurrent component generated by the constant optical power Pcw, while the AC photocurrent (measured in plots 3b and 3c) generated by the modulated optical power is:
Equation 3 expresses the AC photocurrent generated when the device is employed as a photodetector.
Optoelectronic mixing. In the optoelectronic mixing configuration, we switched off the constant voltage bias VDC and injected an RF modulated signal in the CPW, while maintaining the illumination of the graphene channel. The blue solid plot in figure 4a shows the power measured on a spectrum analyzer. The injected electrical power was 14 dBm, at frequency fele = 400 KHz. Pm was set to 22.5 mW, and fopt = 5 GHz. Two peaks appear at fdown = |fopt −fele| = 4.9996 GHz and fup = fopt +fele = 5.0004 GHz, experimentally demonstrating the optoelectronic mixing. One can notice that no signal at fopt is generated (no constant bias VDC is applied). For a direct comparison with the photodetection mode, in the same figure (4a) , the red dashed curve shows the power signal when the modulated component of the electrical signal was switched off, and a constant Vbias = VDC = 6V was applied.
For the optoelectronic mixing configuration, the channel bias in equation 2 is
where Vm is the amplitude of the RF electrical signal, and φ is a phase shift with respect to the optical power modulation. Iph,m can thus be rewritten as:
giving:
Due to the mixing between the electrical and optical signals, two signals are generated at frequencies fup = fopt + fele and fdown = |fopt − fele|. This explains the measurements. We then studied the optoelectronic mixing with high frequency (close to 30 GHz) electrical and optical signal carriers. In particular, for fopt =30 GHz and fele = 29.9 GHz, a downconversion to fdown = 100 MHz is obtained ( figure 4b ).
Finally, we performed downconversion experiments for different electrical frequencies. An optical signal at frequency fopt = 10 GHz and Pm = 22.5 mW was mixed with electrical signals at frequencies fele varying from 6 to 9.99 GHz. Thus, the corresponding downconverted or intermediate frequency (IF) varied between 10 MHz and 4 GHz. We plotted the ratio between the downconverted electrical power (PIF ) and the electrical RF input power (PIN). As can be seen, the downconversion response is "flat" as it oscillated (only) in a range of about 2 dBm over the entire frequency window.
Conclusion
We studied a new high-frequency OEM which relies on a coplanar waveguide (gCPW) integrating a commercially-available CVD graphene channel. A simple model is used to describe its operating behaviour. This model is based on two linear dependencies, experimentally verified: the photocurrent as a function of the optical incident power (Popt) at a fixed voltage drop along the channel, and the photocurrent as a function of the voltage drop (Vbias) along the channel at a fixed optical power. As the photocurrent is proportional to Popt · Vbias, upconverted and downconverted signals can be generated.
Used as a photodetector, our device exhibits an intrinsic photoresponsivity (i.e. after loss correction as explained in section Methods) that varies between 142 and 197 µA/W over a wide range of frequencies up to 30 GHz. Moreover, operating our gCPW as an optoelectronic mixer (OEM), we showed optoelectronic mixing at electrical/optical frequencies up to 30 GHz. We also showed a flat downconversion response (2 dB oscillation range) over a large frequency range. The demonstrated broadband downconversion seems very promising and opens interesting perspectives in the domain of low cost, CMOS compatible and high frequency OEMs.
Methods
As presented in section Fabrication and experimental setup, the optical beam was modulated, amplified, and then focused on the device. Only the laser power impinging on the active area (graphene channel) was taken into account to calculate the incident power, while the part of the spot out of the graphene channel was excluded, because it didn't contribute to the generation of a photocurrent. We experimentally verified that no high frequency photocurrent was generated if there was no overlap between the laser spot and the graphene channel.
Plots 4a and 4b, show direct measurements on the spectrum analyser. All the other measurements took into account the device and cables losses. This correction has been done to extract the intrinsic response of graphene to light excitation. The correction method and the photocurrent and photoresponsivity calculation procedure is described in the following.
We first measured the device and cable electrical S parameters, from which we extracted the losses. For plots in figure 3a, 3b and 3c, the laser beam was modulated in intensity at a frequency fopt =5 GHz. We registered the electrical power value of the photodetected signal on the spectrum analyser and we subtracted the losses of the device at 5 GHz, as well as the cable losses between the output of the waveguide and the spectrum analyser. Finally, from this corrected power value, the photocurrent value was extracted taking into account the 50 Ω impedance of the spectrum analyzer. All the plotted photocurrent values are expressed in RMS.
The same photocurrent extraction procedure has been adopted for plot 3d which shows the 
